Absfracf-A novel three dimensional space vector algorithm of multilevel converters for compensating harmonics and homopolar component in system with neutral is presented. This generalized method provides an on-line computation of the nearest switching vectors sequence to the reference vector and calculates the on-state durations of the respective switching state vectors without involving trigonometric functions, look-up tables or coordinate system transformations which increase the computational load corresponding to the modulation of multilevel converters. The low computational cost of the proposed method is always the same and it is independent of the number of levels of the converter. The conventional 2D space vector algorithms are particular cases of the proposed generalized modulation algorithm. The algorithm provides the switching sequence that minimizes the total harmonic distortion and the commutation number of the semiconductor devices.
I. INTRODUCTION
Multilevel converters are becoming increasingly popular for high power applications for their ability to meet the increasing demand of power ratings and power quality associated with reduced harmonic distortion and lower EM1 [l] . They present the capability of increasing the output voltage magnitude and reducing the output voltage and current harmonic content, the switching frequency and the voltage supported by each power semiconductor. Recently, 'several two dimensional (2D) multilevel converter modulation algorithms have been proposed [2]-[SI. In [2] and [3] SPWM techniques are proposed. However the complexity and the computational cost increase with the number of levels of the converter. Most of the presented modulation algorithms use trigonometric functions [4] or pre-computed tables [SI. The space vector algorithm proposed in [6] is the first one that calculates the switching vectors and the times without using angles, trigonometric functions or tables. In addition, the complexity and the computational cost are very low. In [7] and [8] this algorithm is improved. The 3D algorithm presented in this work is a generalization of the well known 2D space vector technique. The replacement of conventional two level converters by multilevel converters in active filters highly improves the harmonic content of the output signal of the converter. Most of the active filter control techniques found in the bibliography are based on current control Pulse Width Modulation (PWM) or hang-hang [9] [10] where each leg of the converter is independently controlled. However, it would he desirable to use an effective 3D Space Vector Modulation for this kind of applications because it can drastically reduce the control complexity and the computational load.
It is necessary to develop a new three dimensional (3D) space vector algorithni for multilevel converter for compensating homopolar component in active power filters with neutral with single-phase distorting loads which generate large neutral currents.
In general, the proposed algorithm is useful in systems with or without neutral, unbalanced load, triple harmonics and for generating whatever three-dimensional control vector. The space vectors will be in a plane if the system is balanced without triple harmonics. This is shown in figure 1 The proposed algorithm is the first 3D space vector modulation technique for multilevel converters which permits the on-line calculation of the sequence of the nearest space vector for generating the reference voltage vector. In this work, a very simple and fast 3D modulation algorithm based on geometrical considerations is presented. The computational cost of the proposed method is very low and it is independent of the number of levels of the converter. This technique can he used as modulation algorithm in all applications which provide a 3D vector control. The 3D space vectors of a three-level converter is shown in figure 6 . The proposed 3D Space Vector Modulation (SVM) algorithm easily calculates the four state vectors which generate the reference vector. In general, with unhaIanced system or with triple harmonics, the reference vector could be not placed in the 2D plane of the multilevel converter. In this way, it is necessary to use a switching sequence with four state vectors. Thus, the reference vector will he pointing to a volume which is a tetrahedron. The vertexes of that tetrahedron are the state vectors of the switching sequence. In addition, the algorithm permits to obtain the corresponding duty cycles without using precalculated tables or trigonometric functions. The modulation algorithm input is the normalized voltage vector. The normalization only depends on the number of levels of the multilevel converter and the voltage level value of the DC-link capacitors [3].
Step 1; Find the sub-cube where the reference vector is pointing to. 
._._ (1)
The 3D space is formed by a certain number of subcubes depending on the number of the levels of the converter. (a, b, c) are the origin coordinates corresponding to the reference system of the sub-cube where the reference vector is pointing to. This is shown in figure 7 .
Step 2: There are six tetrahedrons into each sub-cube. Therefore, it is necessary to define the tetrahedron where the reference vector is pointing to. This tetrahedron is easily found using comparisons with three planes into the 3 0 space which define the six tetrahedrons inside the suhcube. The three planes which define the six tetrahedrons Step 3: Once (a, h, c) coordinates are known, the main step of the algorithm consists in calculating the four space vectors corresponding to the four vertices of a tetrahedron into a subcube. These vectors will generate the reference vector. Configurations of the 3D space with different number of tetrahedrons into the cube have been studied. However, the minimum number of comparisons are obtained using the six, tetrahedrons showed in figure 9.
Step 4: Calculation of th,a switching times.
The new algorithm calculates on-line the four state vectors into the 3D space and the corresponding duty-cycles using only fifty eight instructions and a maximum of three comparisons for calculating the suitable tetrahedron. The computational load is always the same and it is independent of the number of levels of the multilevel converter. .
Notice that the algorithm is extremely simple
C. Calculation of duty-cycles
Once the state vectors which generate each reference vector are known, the corresponding duty-cycles are calculated. The algorithm generates a matrix with four state vectors and the corresponding switching times. 
Where T, is the sample time.
The slate vectors are the vertexes of the corresponding tetrahedron which generates the reference vector. The equations to be solved are the following:
The duty cycles are only functions of the reference vector components and the integer part of reference vector coordinates.
In addition, the optimized switching sequence is selected in order to minimize the switching number. The space vectors sequence in half cycle are: sib, SI<), (s',, s2b, s',), (Pa, S3b, S3J and (S4,, S4b, S4,) . In the second half cycle the space vectors is the reverse sequence.
EXPERIMENTAL RESULTS
The proposed 3D technique is the generalization of the 2D space vector algorithms. It must be noticed the behavior of a balanced system without triple harmonics using the 3D algorithm. In this case, one of the four active vectors given by the algorithm has the switching time equal to zero. Then, the problem is reduced to a 2D situation.
In the following figures the results of a modulation with triple harmonics and homopolar component are shown. In figure 11 the reference voltage signal is shown. This reference has 33% of triple harmonic of the fundamental harmonic. In figure 12 , the experimental measure of phasephase voltage is shown. The experimental measure of phase-neutral voltage is shown in figure 13 . 
IV. CONCLUSIONS
The 3D space vector modulation algorithm presented in this work is very useful to readily calculate the switching sequence and the on-state durations of the respective switching state vectors corresponding to the space vector modulation used in multilevel converters. Thr: proposed technique directly allows compensating homopolar component in systems with neutral and optimizing the switching sequence minimizing the number of switching. The computational complexity is very low and independent on the number of levels of the converter. This algorithm does not use trigonometric functions or look-up tables. It has been satisfactorily implemented in very low-cost micro controllers. This technique can be used as modulation algorithm in all applications needing a 3D control vector such as active filters with four wires with single-phase distorting loads which generate large neutral currents, where the conventional two dimensional space veetor modulation can not he used.
